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Key Laboratory for Computational Biology, Shanghai, ChinaABSTRACT Heat-shock protein 90 (Hsp90) is an ubiquitous chaperone that is essential for cell function in that it promotes
client-protein folding and stabilization. Its function is tightly controlled by an ATP-dependent large conformational transition
between the open and closed states of the Hsp90 dimer. The underlying allosteric pathway has remained largely unknown,
but it is revealed here in atomistic detail for the Escherichia coli homolog HtpG. Using force-distribution analysis based onmolec-
ular-dynamics simulations (>1 ms in total), we identify an internal signaling pathway that spans from the nucleotide-binding site
to an ~2.3-nm-distant region in the HtpG middle domain, that serves as a dynamic hinge region, and to a putative client-protein-
binding site in the middle domain. The force transmission is triggered by ATP capturing a magnesium ion and thereby rotating
and bending a proximal long a-helix, which represents the major force channel into the middle domain. This allosteric mecha-
nism is, with statistical significance, distinct from the dynamics in the ADP and apo states. Tracking the distribution of forces is
likely to be a promising tool for understanding and guiding experiments of complex allosteric proteins in general.INTRODUCTIONMolecular chaperones like heat-shock protein 90 (Hsp90,
molecular mass 90 kDa) promote the correct folding of other
proteins. Hsp90 primarily stabilizes proteins involved in sig-
naling pathways (1). Homologs of Hsp90 can be found in
most organisms and are highly conserved (2). Hsp90 is a di-
merized ATPase protein consisting of three domains: an
N-terminal nucleotide-binding domain (NTD); a middle do-
main; and a C-terminal dimerization domain (CTD). Hsp90
homologs share an allosteric mechanism in which binding
of nucleotides regulates conformational changes and thereby
chaperone function (3,4). Despite recent success in revealing
the structural and dynamic basis of Hsp90 allostery, the mole-
cular signal transduction pathway has remained largely
elusive. HtpG, the Escherichia coli homolog of Hsp90, has
been experimentally studied in great detail, because, among
other reasons, it is not dependent on cochaperones, which
means the allosteric model is less complex. For HtpG
(Fig. 1 a), large conformational changes have been proposed
that involve opening and closing of the NTD and middle
domain (5). The binding of a nucleotide (ATP/ADP) influ-
ences the conformation: in the apo state, the NTD is very flex-
ible and therefore remains in a mostly open state; with ADP
bound, the NTD is less flexible and tends more often to stay
in a closed state; with ATP bound, the NTD is at its most rigid,
primarily populating a closed state (Fig. 1 b) (6,7).
We address the question of how the signal of the nuc-
leotide-binding state is communicated to the regions of
conformational change in HtpG, triggering opening and
closure and influencing chaperone activity. This is one of
the many puzzling aspects of allosteric mechanisms, which
rely on molecular communication between regions at nano-Submitted July 23, 2012, and accepted for publication September 10, 2012.
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. Open access under CC BY-NC-ND license.meter distances from each other. A number of computa-
tional techniques have been developed to reveal allosteric
communication. These techniques mostly rely on detection
of correlated motions in the protein, as observed in molec-
ular-dynamics (MD) simulations (8–11) or in approximate
elastic network models (12,13). However, the computation
of an allosteric mechanism is very challenging, because
the signal propagation can be hidden in only very minor
conformational changes. To overcome this limitation, we
here used Force Distribution Analysis (FDA) based on
MD simulations to investigate the underlying mechanism
of HtpG signal transduction. FDA reveals the propagation
of internal forces within a protein structure upon ligand
binding or other perturbations, and it has been proven
successful in revealing a different allosteric mechanism
(14). It is able to detect signals in the form of high forces
in stiff structures with only small conformational changes,
like the bending of a-helices. These are not easily recog-
nized using exclusively structural data-analysis techniques.
Previous simulations of HtpG (15–17) portrayed the
nucleotide-dependent opening and closing of the NTD of
HtpG. Here, we present an allosteric signaling pathway in
HtpG based on all-atom simulations with explicit TIP4P
water lasting >1 ms. Our model successfully explains the
nucleotide-induced conformational transition that we were
able to observe within the timescale of our simulations. It
is obtained from the analysis of internal forces and corre-
lations in minor, yet significant, structural changes upon
ligand binding. Our results are in line with experimental
findings, and they suggest a mechanism that primarily
involves the bending and torsion of a helix connecting the
nucleotide-binding site with the hinge responsible for
opening and closing of the NTD dimer interface.
In addition, typical timescales of allosteric transitions
such as those in HtpG are on the order of milliseconds tohttp://dx.doi.org/10.1016/j.bpj.2012.09.008
FIGURE 1 HtpG dimer structure. (a)Cartoon representation of the Hsp90
homolog HtpG. The closed dimeric structure was used as the initial struc-
ture in the simulations, with N-terminal domain (green), middle domain
(orange), C-terminal (blue), ATP (red), and magnesium (gold). (b) Scheme
of the HtpG dimer with the same color code as in a. ATP holds HtpG in
a closed confirmation. Without ATP, the structure is more flexible and
can easily open.
2196 Seifert and Gra¨terseconds, whereas atomistic simulations cover femtoseconds
to microseconds. As forces within a protein generated
by perturbation equilibrate relatively fast compared to the
conformational change they trigger (18), FDA makes it
possible to recognize those mechanisms before structural
changes lead to allostery.MATERIALS AND METHODS
Molecular dynamics (MD) simulations
The MD simulations were performed using GROMACS 4.0.5 (19) with the
optimized potentials for liquid simulations (OPLS) all-atom force field (20)
with an optimized OPLS phosphonucleotide parameter set and TIP4P (21)
water model. The crystal structures of full-length HtpG (PDB: 2IOP; chains
A and B) and the NTD of HtpG (PDB: 2IOR) (22) were used for the MD
simulations. Because of an incorrect stereo center in ADP in the 2IOP
crystal structure, ADP and Mg2þ were transferred from the 2IOR NTD
crystal structure by superimposing 2IOR with 2IOP. Missing loops (chain
A, 494–499; chain B, 118–120 and 494–499) were inserted with the mod-
loop server software (23). The protonation states of the amino acids were
calculated with the WHAT IF software package (24). A rhombic dodecahe-
dral simulation box was filled with TIP4P (21) water and sodium/chloride
ions at a physiological concentration of 120 mM with a resulting overall
system charge of zero. All simulations were run in the NPT ensemble,
and temperature was kept constant at 300 K by coupling to the Nose-Hoo-
ver thermostat with tt ¼ 0.1 ps. The pressure was kept constant at p¼ 1 bar
using isotropic coupling to a Parinello-Rahman barostat with tp ¼ 1 ps and
a compressibility of 4.5  105 bar1. After energy minimization, the
LINCS algorithm (25) was used to constrain all bonds. Lennard-Jones inter-
actions were calculated using a cutoff of 1 nm. Long-range electrostatics
were calculated by particle-mesh Ewald summation (26). The step size of
the production run was set to 2 fs, with a length for each run of 20 ns.
System coordinates were saved every 20 ps. At the beginning, the rhombic
dodecahedron simulation box had a distance of at least 1.1 nm between the
protein and the next boundary, resulting in a system volume of 2985 nm3
and 387,306 particles.Biophysical Journal 103(10) 2195–2202Every state (apo, ADP-bound, and ATP-bound) of the HtpG system was
minimized, using the robust steepest-descent algorithm (further minimiza-
tion with the conjugate-gradient or quasi-Newtonian algorithm led to only
small changes and has therefore been omitted). For each state, nine trajec-
tories with different random starting velocities were calculated, first in a
1-ns position restraint run (restraint force constant ¼ 1000 kJ∙mol1 nm2;
step size ¼ 1 fs), then in a 20-ns production run, resulting in 27 trajectories
with a total length of 540 ns. Analog simulations of the HtpG monomer
were performed.Force-distribution analysis
In FDA (27), the forces between each atom pair i and j, Fij , are analyzed at
each MD step. For this study, the GROMACS 4.0.5 implementation of the
FDA and the corresponding FDAtools 1.0 were used. Atomic or residue
forces Fi or Fu average to zero over time in equilibrated systems according
to Newton’s third axiom:
~Fij˛ℚ ;

*X
j
~Fij
+ ¼ 0; (1)
because the net force acting on an atom or residue is zero by definition as
long as the net translation of that atom or residue is zero. In contrast, forces
between pairs of atoms, i and j, or residues, u and v, can be different from
zero even when considering time averages. The force vectors between resi-
dues have been summed up to reduce the amount of data and to allow the
analysis of residue interactions. More specifically, interresidue forces, F resuv ,
were calculated from the norm of the force vector resulting from summing
up over all force vectors,~Fij , between atom pairs i and j in the two residues
u and v:
Fresuv ¼

X
ij
~Fij
; i˛u; j˛v: (2)
To enhance the signal/noise ratio, the pairwise forces, Fresuv , calculated from
each frame in the trajectories were averaged over time, the two protomers,
and the nine independent runs of the three states, apo, ADP-bound, and
ATP-bound. The pairwise forces within the atoms of the protein, magne-
sium, and ligands were used, whereas forces from water, sodium, and chlo-
ride were neglected.
Signal transduction upon nucleotide binding was measured from differ-
ences between the interresidue forces obtained from the three different
states, apo, ADP-bound, and ATP-bound. This resulted in three distinct
force-distribution patterns, namely, apo-ADP, apo-ATP, and ADP-ATP,
for which the absolute differences are shown (see, e.g., Fig. 4). With this
technique, it was possible to track down signaling pathways even in the
absence of large atomic displacements during the MD simulations. For
the detection of connected signal pathways, a vertex-count algorithm was
implemented that searches for the largest network of connected pairwise
force differences beyond a given cutoff, i.e., a minimal pairwise force.Statistics
Focusing on regions that show large differences in interresidue forces, we
analyzed in greater detail the structural changes upon nucleotide binding,
and the correlations between these changes. Correlation coefficients of
structural parameters (helix bending, torsions, interresidue distances)
were calculated with Spearman’s rank-based rho statistics, because the
data do not necessarily come from a bivariate normal distribution. Unless
otherwise noted, the mean values and standard deviations given are for
18,017 degrees of freedom (df). The level of significance (probability of
error) is a ¼ 0.05.
FIGURE 3 Nucleotide-dependent dynamics of H3 in HtpG. (Left)
Boxplot of the torsion (dihedral angle S68-I30-D41-Mg) of a-helix 3
(I30–A50) for the apo, ADP-bound, and ATP-bound states. The whiskers
represent the adjacent values (Stat4 in the Supporting Material), the box
shows the interquartile range (between the 25th and 75th percentiles), the
line represents the median, and the circular points represent outside values.
The apo state has the smallest torsion angle as well as the largest variance
in this angle. The torsion angles of the ADP- and ATP-bound states are
nearly identical and show reduced variances. (Right) Boxplot of the bending
(angle I30-D41-S52) of helix H3 for the apo, ADP-bound, and ATP-bound
states. The apo and ADP-bound states show a stronger bending of H3
and a higher variance compared to the ATP-bound state. Box parameters
are as in a.
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Structural analysis
A common theme of Hsp90 function is an opening/closing
transition. We monitored the opening and closing at the
N-terminal side of the dimer by calculating the minimal
distance between the NTDs of the two HtpG protomers.
For each of the three states (apo, ADP-bound, and ATP-
bound), a dimer and a monomer system were created, based
on the HtpG structures 2IOP and 2IOR (22). To achieve
a statistically significant result, each simulation system
was calculated nine times for 20 ns each. All dimer struc-
tures were initiated from the closed state of the crystal struc-
ture. Conformations observed during the MD simulations
are here considered closed if their NTDs feature a minimal
distance of <0.25 nm.
As shown in Fig. 2 top, the apo structures of HtpG visit a
very large range of inter-NTD distances up to 4 nm. Thus,
the closed structure, which was experimentally determined
in the presence of an ATP analog, transits into a highly
mobile open state. This large-scale conformational change
leading to an open HtpG dimer (Fig. 2, inset) is remarkable
given the 20-ns timescale of our simulations. It can be
primarily characterized by a hinge motion between the
middle and NTD domains, as determined by principal-
component analysis (PCA; Fig. S1 in the Supporting Mate-
rial). The hinge region is highlighted in the open apo state in
Fig. 2. In contrast, the ATP-bound structures tend to remain
in the closed state (Fig. 2, bottom) at our nanosecond time-
scale, with an inter-NTD distance of <0.25 nm for 75% of
the time. A second minor conformational ensemble wasFIGURE 2 HtpG undergoes an opening/closing transition that is nucleo-
tide-dependent. Histograms of the normalized occurrence (1 ¼ 100%) of
the minimal distance between the NTDs of HtpG for the apo, ADP-bound,
and ATP-bound states. The first bar in each histogram is truncated, and the
value of this bar is given above each bar. The apo state shows the widest
spectrum of minimal distances, whereas the ATP-bound state remains
largely closed.observed for ATP-bound HtpG, exhibiting a distinct and
relatively narrow range of distances around 1.5 nm. The
ADP-bound state samples a broader distance range than
the ATP-bound HtpG, yet opens up much less than the
apo state. An opening of the C-terminal dimerization site
could not be observed (Fig. S2).Force-distribution analysis
Apparently, the signal of ATP or ADP bound to the nucleo-
tide-binding site propagates to the hinge region between the
NTD and middle domain responsible for the opening/
closing transition. How are these two regions, over a 2.3-nm
distance from each other, mechanistically connected? We
could not observe any obvious structural changes within
the NTD domain, the fluctuations of which were primarily
restricted to the lid at the NTD-NTD interface and outer
loops. However, stiff protein cores like that of the NTD
could potentially propagate allosteric signals in terms of
high forces, which we analyzed here by means of FDA.
Matrices of interresidue forces were averaged over time,
over the two monomers, and over the nine trajectories for
each state (apo, ADP-bound, and ATP-bound). Details are
given in the Methods section.
We first calculated the force changes in HtpG upon
binding of ATP. The resulting network of pairwise residue
forces >50 pN is shown in Fig. 4 a as sticks connecting
the respective residues. To further reduce noise, only the
connected graph with the largest number of residues as
vertices is shown. The binding of ATP leads to a spatiallyBiophysical Journal 103(10) 2195–2202
FIGURE 4 Force distribution upon nucleotide binding. The network of
force differences is shown as magenta sticks in HtpG (green). Only the
largest connected network of forces beyond a certain cutoff is shown.
The positions of ATP (gray) and magnesium (yellow) are shown at repre-
sentative positions, as observed during the HtpG-ATP simulations. (a)
Force differences between apo and ATP-bound state simulations. The cutoff
used for the representation is 50 pN. (b) Same as in a, but with a cutoff of
40 pN. (c) Force differences between apo and ADP-bound state simulations
beyond a cutoff of 30 pN. Even for this cutoff, which is smaller than those in
a and b, this force network does not extend into the middle domain, hinting
toward a functionally relevant difference between ATP and ADP binding.
(d) Force differences between all ADP- and ATP-bound HtpG simulations
beyond a cutoff of 35 pN.
2198 Seifert and Gra¨terconnected force signal that is restricted to the nucleotide-
binding pocket. The magnesium ion serves as a crucial
hub by propagating forces from ATP to the adjacent a-helix
3 (H3; I30–A50). We note that the magnesium ion was
firmly bound to H3 in all our simulations, even in the apo
state (see below). Thus, the high force signals observed
between magnesium and protein can be traced back not to
a dissociation of magnesium from HtpG, but to a structural
adjustment of the ion. With decreasing cutoff, the signal
reaches the interface between the NTD and the middle
domain (Fig. 4 b), comprising the hinge region described
above (Fig. 2, open structure).
In the case of ADP, the force signal is confined to the
NTD even for a reduced cutoff of 30 pN (Fig. 4 c). Hence,
ADP binding leads to an allosteric force network in HtpG
that is remarkably different from that of ATP, even though
the two molecules differ by no more than one phosphate
group. For clarity, the force differences between ATP andBiophysical Journal 103(10) 2195–2202ADP are shown in Fig. 4 d and in Movie S1. In contrast
to the nucleotide-binding niche, for which the two nucleo-
tides exhibit similar forces, it is only the g-phosphate of
ATP that causes the force signal to extend along H3 to the
hinge at one end of H3 and to the NTD binding area at
the other end of H3. The signal caused by ATP expands
even into the middle domain, including a-helix 11 (H11;
D190–Y200). The signal that reaches the NTD binding
area (helix 2; A12–Y25) is transmitted through the small
loop between H2 and H3.
In the force-distribution network of the HtpG monomer,
force differences between the apo and ADP states and
between the apo and ATP states are comparable to the
results of the dimer simulations (Fig. S3). Only the effect
of the g-phosphate in the dimer, measured in terms of the
force difference between the ADP- and ATP-bound states,
could not be reproduced in the monomer simulations of
HtpG. We note that over all, the monomeric structure is
less stable than the dimer and for this reason requires
more extensive sampling to reach the same force precision.
Forces from water and ions have not been taken into account
in this analysis, since they interchange positions rapidly.
However, the force-distribution pattern indirectly reflects
the effect of the solvent, as the MD simulations were carried
out in the presence of explicit water at physiological ion
concentration.
To test the robustness of the forces obtained from FDA,
extensive force variance and error calculations were per-
formed. We extended the simulations and the data gathering
for the FDA until the pairwise forces rose clearly above the
level of noise, which was estimated by the standard error of
the mean (SEM) of the pairwise forces. Fig. 5 shows the
force network obtained by comparing ADP- and ATP-bound
HtpG, the most challenging comparison because of the small
signal/noise ratio. Each pairwise force between residues
above 44 pN is shown in stick representation. The color
code corresponds to the value of the pairwise force minus
the SEM of the particular interaction. For clarification,
each pairwise force is shown in a bar plot with its
corresponding SEM. The majority of interactions, that
is, ~75%, in the analyzed force network are above the noise
level. Overall, FDA was able to reveal changes in forces
upon ATP binding over 3.2 nm to regions in the hinge and
middle domain, thereby giving quantitative insight into the
allosteric mechanism of HtpG.Mechanism details
Having revealed the amino acids participating in the signal
transduction from the FDA, we investigated the underlying
mechanism in structural detail. The primary hub in the
force-distribution network, the magnesium ion, stays coor-
dinated by the H3 residues Asp-41 or Asn-38 throughout
the simulations, even for the apo structures. In the ADP-
and ATP-bound states, a single bridging water molecule
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FIGURE 5 Noise estimation of the pairwise forces. The network of force
differences with a cutoff of 44 pN between the ADP- and the ATP-bound
states is shown in stick representation. The color code represents the pair-
wise force minus the SEM of this particular pairwise force. Red indicates
a high force difference with a low SEM (low noise) and blue a low force
difference with a high SEM. The bar plot (right) shows all force differences
that are shown in the structure on the left as absolute values. The SEM are
shown as error bars. The color code of the bar plot is the same as for the
sticks representation and defines the ordering of the pairwise forces in
the bar plot. The orange arrow indicates exemplarily the same force differ-
ence in the structure and the bar plot.
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clusters of sodium and chlorine ions can be found at this site,
leading to a highly polar area, especially for ADP- and
ATP-bound HtpG. Since Mg2þ is coordinated by the two
amino acids of H3, it mediates a tight interaction between
nucleotides ADP or ATP and H3 of HtpG, as also evidenced
by the FDA (Fig. 4, b and c).
As a consequence, the binding of ADP or ATP leads to
a significant torsion of H3, accompanied by an evident
decrease in variance of this torsion (Statistical analysis 1
(Stat1) in the Supporting Material). The boxplot in Fig. 3
a shows the torsion angle of H3 with respect to the b-sheet
in NTD (i.e., the torsion of amino acids S68-I30-D41-Mg).
Nucleotide binding increases the torsion angle from 2035
29 in the apo state to 232 5 8 and 232 5 9 in the
ADP and ATP states, respectively (Stat1 in the Supporting
Material). The ADP and ATP states do not differ signifi-
cantly (Stat1 in the Supporting Material). In contrast, the
bending of helix H3 differs significantly between the
ADP- and the ATP-bound states (Stat2 in the Supporting
Material), with ATP binding leading to a straightening of
H3 as compared to apo and ADP.
The alterations in H3 conformation in terms of bending
and torsion are also evident from the FDA, where H3
features high forces in intrahelix hydrogen bonding. The
H3 forces propagate into a network of residues at the inter-
face of the NTD with the middle domain. The distances
between the involved residue pairs at the interface were
monitored and their correlation analyzed to establish a
link between the observed force network and the opening/closing transition in HtpG. Correlations between three
specific distances, R47–D329, Y57–D329, and D55–K271,
and the aforementioned H3 torsion and bending are shown
in Fig. 6 a. These distances in turn were found to correlate
with the angle between H3 and a-helix 18 of the middle
domain (H18, T343–D366), an angle crucial for the hinge
motion involved in opening and closing the HtpG dimer.
For the ATP-bound state, the correlation between the moni-
tored observables is much stronger than it is for the ADP-
bound or apo state. Even though the correlation factor of
the torsion of a-helix 3 is not high, the values are still sig-
nificantly different from zero (Stat3 in the Supporting Mate-
rial). The two complementary analysis techniques, FDA
and structural correlations, revealed a consistent pattern
of an allosteric mechanism in HtpG, in which H3 plays a
pivotal role.DISCUSSION
Consistency with experimental results
Hydrogen-deuterium exchange (HX) experiments were able
to quantify the relative flexibility of segments of HtpG
dependent on the nucleotide bound to the NTD (6). To
compare this theoretical work with the HX data, we mapped
the HX data measured for the apo and AMPPNP states on
a representative apo and ATP trajectory from our MD simu-
lations (Movie S2 and Movie S3) and observe an overall
agreement. The root-mean-square fluctuations (RMSFs) of
the amino acids were calculated, showing a much higher
fluctuation for amino acids 105–122 in the apo state than
in the ADP- or ATP-bound state. This region corresponds
to the lid in the NTD, which represents the interaction site
between the two protomers. The HX experiments also
mark this region (apo state amino acids 108–119) as a partic-
ularly mobile area. The apo state has a higher HX compared
to the ADP- and AMPPNP-state in that region than in any
other region (6).
Electron microscopy analysis of HtpG made by South-
worth et al. allowed additional insight into nucleotide-
dependent conformational changes (28). They found that
68% of HtpG in the apo state adopts an open conformation,
whereas only 33% of the AMPPNP-bound structures are
open. At the end of our simulations, 56% of the apo state,
45% of the ADP-bound state, and 22% of the ATP-bound
state adopt the open conformation, which is in good qualita-
tive agreement, given that there are only nine independent
trajectories of limited timescale. The opening and closing
transition of HtpG and other Hsp90s is believed to occur
on timescales of milliseconds to minutes, which are the
typical timescales of HX or fluorescence energy transfer
(6,29). We here find this transition to occur on the submicro-
second timescale.
As suggested by both our simulations and the electron
microscopy results, HtpG can visit closed and openBiophysical Journal 103(10) 2195–2202
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FIGURE 6 Structural correlations in HtpG and model for the signaling pathway. (a) Correlation matrix of structural observations chosen according to the
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FDA, structural observations, and correlations between the two. Red and yellow arrows indicate correlations between the observables in simulations of
ATP- and ADP-bound HtpG, whereas red/yellow dashed arrows indicate correlations for both nucleotides. The analysis results in a bending pathway influ-
enced by ADP and ATP, whereas the torsion pathway is also influenced, but only by ATP. Both pathways influence the H3-H18 angle (bottom) and thereby the
opening and closing transition of the HtpG dimer at the NTD.
2200 Seifert and Gra¨terconformations in any of the three states, and nucleotide
binding shifts the equilibrium toward more closed states.
Therefore, the opening transition is a stochastic process
that requires extensive sampling in both simulations and
experiments. Individual molecular nanosecond-timescale
trajectories can represent only part of the conformational
ensemble and thus have not been the focus of our analysis
here.
We here identified an area of signal propagation, namely,
the nucleotide-binding niche, H3 (I30–A50) and H18
(T343–D366), a region with comparably small conforma-
tional fluctuations. Apparently, force propagation is efficient
through such stiff regions. In line, the underlying crystal
structures (see Materials and Methods for details) here
have a low mean B-factor of 62 5 6 (Ca only) compared
to the overall mean of 1065 35 (Ca only), indicating a stiff
regime in the crystal structure.Consistency with other theoretical methods
Our major result is a force-transduction pathway from the
nucleotide-binding site into the NTD’s lid and the middle
domain, depending on the nucleotide-binding state of
HtpG. The question arises, how this result compares to
other theoretical studies on HtpG (15–17,30), which were
based on the analysis of structural changes and correlated
dynamics. We observe in our comparably extensive simula-
tions very similar dynamics of HtpG in the three different
states. More specifically, the first eigenvector of the apo,
ADP-bound, and ATP-bound states obtained from PCA on
our simulation data shows a correlated motion between
the NTD and the CTD, as detected previously.
The FDA performed here, however, being based on forces
instead of coordinates, reveals a pattern of allosteric
communication different from the pathway observed byBiophysical Journal 103(10) 2195–2202PCA. Fig. S4 shows the change in structural fluctuations
along the first eigenvector between the ADP- and ATP-
bound states as compared to the corresponding force
differences between the two states. The results of the FDA
are in line with the results of the PCA, yet with a much
higher sensitivity for the allosteric network connecting
the NTD and middle domain. In fact, PCA is based on
large-amplitude correlated motion and therefore might
overlook smaller structural alterations within the protein
core, which FDA is able to pick up. On the other hand,
FDA was not able to dissect the allosteric network to the
CTD within the limited simulation time.Signal pathway model
Given the results from the FDA of the different ligand bound
states and the structural correlations in the protein, the
following model arises (Fig. 6, b and c). A bound ligand
has an impact on the torsion and the bending of helix H3
(I30–A50) via the magnesium ion in the binding niche.
The bending pathway is influenced by ADP (bending of
H3) and ATP (unbending of H3) (Fig. 3 b. For both ligands,
the bending is correlated with distances in the interface
between the N-terminal and middle domains. More specifi-
cally, a clamplike structure (Y57 and D329) at the end of
H3 is locked in the hinge region of the interface. The torsion
pathway is also influenced by both ligands, but only for
ATP does the torsion propagate into the interface in terms
of correlated interresidue distances (clamp R47, Y57, and
D329). Both pathways ultimately alter the angle between
helices H3 (N-terminal domain) and H18 (middle domain),
which influences the opening and closing of the HtpG
dimer. ADP uses the bending pathway, whereas ATP uses
the bending and torsion pathways and has, therefore, a
stronger effect on the opening/closing mechanism. If no
Force Distribution Reveals Signal Transduction in E. coli Hsp90 2201ligand is bound and H3 is flexible and bent, the end of H3
binds to D55 more strongly than to K271, which acts as a
hinge joint that allows the N-terminal domain to tilt and
rotate.
A current model of HtpG allostery includes a reorientation
of the N-terminal domain, resulting in, for example, a
compact dimer in the ADP-bound state (22). We could not
observe such a reorientation within the restricted timescale
of our simulations but detected a faster closing of the lid
in the case of ADP binding, introduced by a shortening of
the distance between Lys-99 and helix H3 (Fig. S5). This
might lead to a more compact structure. However, since
the ADP bound structures are more flexible than the ATP
bound structures, further reorientation (e.g. to a compact
ADP conformation) is possible and at least more likely
than for the apo or the ATP bound state. In agreement
with recent findings from SAXS measurements (7), we
find that the NTD features an intrinsic flexibility such that
the apo state reversibly opens and closes on the nanosecond
timescale. ATP binding shifts this dynamic equilibrium
toward the closed state by stiffening the hinge, an allosteric
scenario best described by conformational selection, in
contrast to the Monod-Wyman-Changeux (MWC) model
(31). Here, we were able to underpin a conformational-
selection mechanism by a signal pathway coupling the
distant regions involved.
Putative binding sites for client proteins are located in
the middle domain of HtpG and similarly in other Hsp90s
(32). Interestingly, our analysis suggests that only the
binding of ATP causes the allosteric signal to reach these
putative binding regions. As such, our computational model
supports the view of client protein binding to the middle
domain. This region specifically senses ATP binding,
though without being able to distinguish the apo from the
ADP-bound state.
FDA proved successful in detecting signal propagation
with high sensitivity, even through minute structural adapta-
tions such as slight helix straightening by ATP. This under-
lines the power of FDA to reveal allosteric networks through
rigid regions such as the protein core or well-defined
secondary-structure elements. In contrast, structure-based
methods analyze (collective) motions in structural models
or molecular simulations. FDA does not rely on large-ampli-
tude conformational fluctuations but instead tracks the
signal, i.e., the forces, itself. Also, allosteric transitions
can occur at timescales as slow as milliseconds to seconds,
whereas atomistic simulations cover femtoseconds to
microseconds. As forces within a protein upon perturbation
equilibrate relatively fast compared to the conformational
change they trigger (18), FDA is capable of recognizing
those mechanisms before structural changes lead to allo-
stery. As a result, FDA can reveal allosteric networks
without either observation of large-amplitude motions or
an underlying mechanism such as induced fit or population
shift.Our model can be directly tested by functional assays of
HtpG mutants. We predict that an Asp-329 mutant will
behave in an apo-like way, even in the presence of ATP or
ADP. Drastic changes in the allosteric pathway can also
be expected for Asp-55 or Lys-271 mutants. It remains to
be elucidated how generally the bending and torsion path-
ways obtained from this analysis describe signal propaga-
tion in other Hsp90 homologs.SUPPORTING MATERIAL
Five figures and three videos are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(12)01020-X.
We thank the Graduate Kollege 850 (University of Heidelberg, Germany,
funded by the Deutsche Forschungsgemeinschaft) and Klaus Tschira
Foundation (Heidelberg, Germany) for financial support. We also thank
the Leibniz-Rechenzentrum (Garching, Germany) for computation time
at HLRB II and IT support for this project. We thank Thorsten Hugel for
fruitful discussions and Matthias Mayer for careful reading of this manu-
script and beneficial discussions. We thank Warren Lyford DeLano and
Schro¨dinger LLC for the program PyMOL, which has been used to create
some of the figures in this article.REFERENCES
1. Pratt, W. B., and D. O. Toft. 2003. Regulation of signaling protein func-
tion and trafficking by the hsp90/hsp70-based chaperone machinery.
Exp. Biol. Med. (Maywood). 228:111–133.
2. Chen, B., D. Zhong, and A. Monteiro. 2006. Comparative genomics
and evolution of the HSP90 family of genes across all kingdoms of
organisms. BMC Genomics. 7:156.
3. Obermann, W. M., H. Sondermann, ., F. U. Hartl. 1998. In vivo
function of Hsp90 is dependent on ATP binding and ATP hydrolysis.
J. Cell Biol. 143:901–910.
4. Panaretou, B., C. Prodromou,., L. H. Pearl. 1998. ATP binding and
hydrolysis are essential to the function of the Hsp90 molecular chap-
erone in vivo. EMBO J. 17:4829–4836.
5. Ali, M. M. U., S. M. Roe, ., L. H. Pearl. 2006. Crystal structure of
an Hsp90-nucleotide-p23/Sba1 closed chaperone complex. Nature.
440:1013–1017.
6. Graf, C., M. Stankiewicz,., M. P. Mayer. 2009. Spatially and kinet-
ically resolved changes in the conformational dynamics of the Hsp90
chaperone machine. EMBO J. 28:602–613.
7. Street, T. O., K. A. Krukenberg, ., D. A. Agard. 2010. Osmolyte-
induced conformational changes in the Hsp90 molecular chaperone.
Protein Sci. 19:57–65.
8. Weinkam, P., J. Pons, and A. Sali. 2012. Structure-based model of
allostery predicts coupling between distant sites. Proc. Natl. Acad.
Sci. USA. 109:4875–4880.
9. Liu, J., and R. Nussinov. 2008. Allosteric effects in the marginally
stable von Hippel-Lindau tumor suppressor protein and allostery-based
rescue mutant design. Proc. Natl. Acad. Sci. USA. 105:901–906.
10. Kidd, B. A., D. Baker, and W. E. Thomas. 2009. Computation of
conformational coupling in allosteric proteins. PLOS Comput. Biol.
5:e1000484.
11. Ivetac, A., and J. A. McCammon. 2010. Mapping the druggable
allosteric space of G-protein coupled receptors: a fragment-based
molecular dynamics approach. Chem. Biol. Drug Des. 76:201–217.
12. Marcos, E., R. Crehuet, and I. Bahar. 2011. Changes in dynamics upon
oligomerization regulate substrate binding and allostery in amino acid
kinase family members. PLOS Comput. Biol. 7:e1002201.Biophysical Journal 103(10) 2195–2202
2202 Seifert and Gra¨ter13. Miyashita, O., J. N. Onuchic, and P. G. Wolynes. 2003. Nonlinear
elasticity, proteinquakes, and the energy landscapes of functional tran-
sitions in proteins. Proc. Natl. Acad. Sci. USA. 100:12570–12575.
14. Stacklies, W., F. Xia, and F. Gra¨ter. 2009. Dynamic allostery in the
methionine repressor revealed by force distribution analysis. PLOS
Comput. Biol. 5:e1000574.
15. Colombo, G., G. Morra, ., G. Verkhivker. 2008. Understanding
ligand-based modulation of the Hsp90 molecular chaperone dynamics
at atomic resolution. Proc. Natl. Acad. Sci. USA. 105:7976–7981.
16. Morra, G., G. Verkhivker, and G. Colombo. 2009. Modeling signal
propagation mechanisms and ligand-based conformational dynamics
of the Hsp90 molecular chaperone full-length dimer. PLOS Comput.
Biol. 5:e1000323.
17. Morra, G., R. Potestio, ., G. Colombo. 2012. Corresponding
functional dynamics across the Hsp90 Chaperone family: insights
from a multiscale analysis of MD simulations. PLOS Comput. Biol.
8:e1002433.
18. Xu, Z., and M. J. Buehler. 2010. Mechanical energy transfer and
dissipation in fibrous b-sheet-rich proteins. Phys. Rev. E Stat. Nonlin.
Soft Matter Phys. 81:061910.
19. Hess, B., C. Kutzner,., E. Lindahl. 2008. Gromacs 4: algorithms for
highly efficient, load-balanced, and scalable molecular simulation.
J. Chem. Theory Comput. 4:435–447.
20. Jorgensen, W. L., D. S. Maxwell, and J. Tirado-Rives. 1996. Develop-
ment and testing of the opls all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc. 118:
11225–11236.
21. Hernandes, M. Z., J. B. P. da Silva, and R. L. Longo. 2003. Chemomet-
ric study of liquid water simulations. I. The parameters of the TIP4P
model potential. J. Comput. Chem. 24:973–981.Biophysical Journal 103(10) 2195–220222. Shiau, A. K., S. F. Harris,., D. A. Agard. 2006. Structural analysis of
E. coli hsp90 reveals dramatic nucleotide-dependent conformational
rearrangements. Cell. 127:329–340.
23. Fiser, A., and A. Sali. 2003. ModLoop: automated modeling of loops
in protein structures. Bioinformatics. 19:2500–2501.
24. Vriend, G. 1990. What if: A molecular modeling and drug design
program. J. Mol. Graph. 8:52–56.
25. Hess, B., H. Bekker, ., J. G. E. M. Fraaije. 1997. Lincs: A linear
constraint solver for molecular simulations. J. Comput. Chem. 18:
1463–1472.
26. Darden, T., D. York, and L. Pedersen. 1993. Particle mesh ewald: An
n * log(n) method for ewald sums in large systems. J. Chem. Phys.
98:10089–10092.
27. Stacklies, W., C. Seifert, and F. Graeter. 2011. Implementation of
force distribution analysis for molecular dynamics simulations. BMC
Bioinformatics. 12:101.
28. Southworth, D. R., and D. A. Agard. 2008. Species-dependent ensem-
bles of conserved conformational states define the Hsp90 chaperone
ATPase cycle. Mol. Cell. 32:631–640.
29. Mickler, M., M. Hessling, ., T. Hugel. 2009. The large conforma-
tional changes of Hsp90 are only weakly coupled to ATP hydrolysis.
Nat. Struct. Mol. Biol. 16:281–286.
30. Dixit, A., and G. M. Verkhivker. 2012. Probing molecular mechanisms
of the Hsp90 chaperone: biophysical modeling identifies key regulators
of functional dynamics. PLoS ONE. 7:e37605.
31. Tsai, C.-J., A. Del Sol, and R. Nussinov. 2009. Protein allostery,
signal transmission and dynamics: a classification scheme of allosteric
mechanisms. Mol. Biosyst. 5:207–216.
32. Park, S. J., M. Kostic, and H. J. Dyson. 2011. Dynamic interaction
of hsp90 with its client protein p53. J. Mol. Biol. 411:158–173.
